We previously reported that if murine leukemia virus particles are produced in the presence of the mild oxidizing agent disulfide-substituted benzamide-2, they fail to undergo the normal process of virus maturation. We now show that treatment of these immature particles with a reducing agent (dithiothreitol) induces their maturation in vitro, as evidenced by proteolytic cleavage of Gag, Gag-Pol, and Env proteins and by their morphology. The identification of partial cleavage products in these particles suggests the sequence with which the cleavages occur under these conditions. This may be a useful experimental system for further analysis of retroviral maturation under controlled conditions in vitro.
Retrovirus particles are initially formed by budding from the plasma membrane of the host cell. They all contain a minimum of three protein species, i.e., the Gag polyprotein, the Gag-Pol polyprotein, and the Env proteins. However, these particles are not infectious until they undergo viral maturation. Maturation consists of a series of cleavages of the Gag and Gag-Pol polyproteins (and, in some retroviruses, in the transmembrane component of the Env protein as well). These cleavages are catalyzed by the viral protease (PR). The Gag polyprotein is always cleaved into at least three fragments, termed matrix (MA), capsid (CA), and nucleocapsid (NC), and the Gag-Pol polyprotein is cleaved, in addition, into PR, reverse transcriptase (RT), and integrase (IN) (in alpharetroviruses, PR is a cleavage product of the Gag polyprotein, and in several retrovirus groups Gag-PR is distinct from both Gag and Gag-PRPol) (reviewed in reference 17).
While maturation is an essential step in the retroviral life cycle, many aspects of this phenomenon are very poorly understood. Thus, we have no insight at present into how PR activity is regulated so that maturation is initiated upon the release of the particle. It is also not clear whether there is a single, obligatory sequence of cleavage events in the maturation pathway (17) .
We have previously described the effects of hydrophobic mild oxidizing agents on a simple retrovirus, Moloney murine leukemia virus (MMLV) (13) . We reported that when MMLV is produced in the presence of one of these agents, i.e., disulfide-substituted benzamide-2 (DIBA-2), it fails to undergo maturation. Similar observations have also been made with HIV-1 (19) . Since DIBA-2 is known to induce disulfide crosslinking in the proteins of both MMLV and HIV-1 (13, 14) , it seemed possible that this cross-linking was responsible for the inhibition of maturation in these particles. We now report that when immature MMLV, released from cells in the presence of DIBA-2, is treated with the reducing agent dithiothreitol (DTT), the block to maturation is reversed. This observation enables us to induce the controlled maturation of retrovirus particles. In addition, our analysis indicates the probable sequence of cleavage events in Gag during MMLV maturation under these conditions. MMLV produced in DIBA-2 contains genomic RNA. As reported previously, MMLV particles fail to undergo maturation if DIBA-2 is present in the culture medium of the virusproducing cells. In principle, this could either be an effect of DIBA-2 upon the viral proteins within the virus-producing cells or upon the newly released virions.
In all retroviruses (except spumaviruses), the NC domain of the Gag polyprotein contains one or two zinc fingers (2) . These conserved structures play a crucial role in the encapsidation of viral RNA during virus assembly, since any mutation of cysteine to a residue that does not coordinate zinc results in a profound reduction in RNA encapsidation (2) . One known target for the oxidizing action of DIBA-2 in mature MMLV particles is the cysteine thiols of the zinc finger in the NC protein. Oxidation of these groups results in the ejection of zinc from the zinc finger and the disulfide cross-linking of this protein in mature particles (13, 14) . Therefore, if DIBA-2 interacted with Gag proteins within the virus-producing cell, i.e., before assembly of the particle, then it would be expected to disrupt the zinc finger; in turn, such oxidized Gag proteins might fail to package viral RNA. Alternatively, DIBA-2 might not react with Gag proteins until the particle is fully assembled and released. In this case, RNA packaging would be normal.
We tested MMLV particles produced in DIBA-2 for the presence of viral RNA as follows. Culture fluids were collected from NIH 3T3 cells that were chronically infected with MMLV; some flasks were treated with 100 M DIBA-2 (ob-tained from the Developmental Therapeutics Program of the National Cancer Institute [NCI]) during the interval over which virus was collected. The fluids were filtered through 0.45-m-pore-size filters and the virus particles were collected by centrifugation for 50 min at 25,000 rpm in an SW28 rotor (Beckman) at 4°C. RNA was extracted from the pelleted virions as described previously (6) , and denaturing Northern analysis (7) was performed with a 32 P-labeled probe representing the full-length, infectious MMLV genomic plasmid designated pRR88 (described in reference 7).
The results of this analysis are shown in Fig While DIBA-2 does not have a major effect on virus production [13] , the amounts of virus in the two samples were not compared in this experiment. Thus, the simplest interpretation of the inequality in RNA levels in the two lanes is that it reflects a small difference in the amounts of virus analyzed.) This finding strongly suggests that DIBA-2 does not act on the viral proteins until RNA packaging has been irreversibly initiated. Similar results have been previously reported with a related compound and human immunodeficiency virus type 1 (HIV-1) (3).
The internal milieu of mammalian cells is known to be a reducing environment (9) . Since DIBA-2 is quite hydrophobic, it can probably penetrate into cells. However, it is only a mild oxidizing agent (14) and is presumably immediately neutralized in the intracellular environment. These considerations, together with the results shown in Fig. 1 , are most consistent with the hypothesis that the effect of DIBA-2 on viral maturation is due to reactions occurring during or immediately after the release of the particle from the host cell.
Reversal of the block to viral maturation by DTT treatment. As noted above, the maturation of MMLV particles is blocked by the presence of DIBA-2 in the culture medium into which the particles are released. Since DIBA-2 is known to be capable of oxidizing viral proteins in immature MMLV (13) , it seemed possible that oxidation of one or more of these proteins was responsible for the block in maturation. In that case, reduction of the oxidized proteins might allow maturation to proceed in vitro. To test this possibility, we treated the immature particles produced in DIBA-2 with the reducing agent DTT, incubated them at 37°C to allow PR to act, and examined the particles for evidence of maturation.
Our initial experiments analyzed cleavage of Gag using immunoblotting with rabbit antiserum against p30
CA (a gift of the AIDS Vaccine Program, NCI-Frederick). As shown in Fig. 2 (lane 1), the most abundant protein in the particles released in DIBA-2 was Pr65
Gag ; a 40-kDa protein and p30 CA were also detectable. Treatment of these particles with DTT (lane 2) resulted in the nearly complete cleavage of Pr65
Gag and the 40-kDa protein, with the production of the normal cleavage product p30
CA . (In some experiments, the cleavage induced by DTT treatment was incomplete; the extent to which maturation was blocked when virus was produced in DIBA-2 was also somewhat variable.)
Similar tests were performed with antisera against other MMLV proteins, including p12, p10 NC , PR, RT, IN, and p15(E). These assays showed that all of the cleavages known to be catalyzed by PR occurred when the DIBA-blocked virus was incubated in DTT (see below; data not shown).
Retroviral maturation is normally accompanied by a dramatic change in the morphology of the virus particle. In the case of MMLV, a hollow, spherical shell in the interior of the particle appears to collapse into a condensed core structure (5, 8, 17, 22) . To determine whether the cleavage of Pr65
Gag was accompanied by this change in particle structure, we also examined the particles in the electron microscope before and after DTT treatment. As shown in Fig. 3C , the majority of MMLV particles produced in the presence of DIBA-2 ap- 
FIG. 2. DTT induces cleavage of Pr65
Gag in MMLV produced in DIBA-2. NIH 3T3 cells chronically infected with MMLV were seeded at 10 6 cells per 10-cm-diameter tissue culture dish. Four hours later, the medium was changed to fresh culture medium containing 100 M DIBA-2. Control dishes lacking DIBA-2 contained the same amount of the dimethyl sulfoxide solvent as the DIBA-2-treated dishes. The culture fluid containing the virus was collected 24 h later and filtered through a 0.45-m-pore-size filter. MMLV produced in the presence (lanes 1 and 2) or absence (lanes 3 and 4) of DIBA-2 was collected by centrifugation, resuspended in phosphate-buffered saline (PBS), and incubated with (lanes 2 and 4) or without (lanes 1 and 3) 10 mM DTT for 2 h at 37°C. It was then analyzed by immunoblotting with antiserum against p30
CA . Immunoblotting was performed as described previously (13) using enhanced chemiluminescence (Amersham).
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peared to have a hollow center and were very similar to immature particles lacking PR activity (Fig. 3A) . However, when the particles produced in DIBA-2 were treated with DTT, a significant fraction of them were converted into mature virions, containing condensed rather than hollow cores (Fig. 3D) . Many of these particles were indistinguishable in electron micrographs from the control particles produced in the absence of DIBA-2 (Fig. 3B) . We also monitored the maturation induced by DTT treatment in quantitative terms. As shown in Fig. 4 , approximately 72% of the particles produced in the presence of DIBA-2 could be classified as immature, while only 11% appeared mature (16% of these samples could not be classified). However, after these particles were treated with DTT, the percentage of particles with a mature morphology increased to 51%. DTT had no detectable effect on the morphology of particles produced without DIBA-2 (data not shown).
We attempted to determine whether the MMLV particles that had undergone maturation as a result of DTT treatment after production in DIBA-2 had acquired infectivity. No infectious virus in these samples was detected by the SϩLϪ focus assay (1), while a normal virus preparation would be expected to contain well over 10 4 focus-inducing units/ml. However, we also observed that DTT inactivated control preparations of MMLV samples produced in the presence of DIBA-2 were incubated with or without DTT; a control sample produced without DIBA-2 was also analyzed. Particles were examined after collection on protein A-Sepharose beads as described above. They were considered mature if they contained an electron-dense interior (core) and no visible ring around it. They were considered immature if they contained a complete, unbroken ring surrounding an electron-lucent interior. Particles that did not fit either of these descriptions, such as particles with an incomplete ring, were classified as "other." The scoring was blind in the sense that the samples were coded before classification. Two completely separate experiments were performed with similar results; the percentages presented here were obtained by summing the counts obtained for the two experiments. A total of at least 150 particles was scored in each of the four experimental categories.
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MMLV that had been produced in the absence of DIBA-2 (data not shown). It seems likely that DTT reduces disulfide bonds not only in Gag and/or Gag-Pol proteins, leading to maturation of DIBA-2-treated virus, but also in the surface glycoprotein gp70 SU , in which these bonds are essential for normal function (10) . The inactivation of virus by DTT makes it very difficult to determine whether the Gag and/or Gag-Pol proteins in particles produced in DIBA-2 can perform all of their replicative functions after DTT treatment.
Studies on the mechanism of induction of maturation by DTT. It was of interest to determine the speed with which cleavages occurred in particles grown in DIBA-2 and treated with DTT. We therefore exposed the particles to 10 mM DTT at 37°C for different periods of time. At the end of each incubation period the particles were placed in loading dye and then analyzed by immunoblotting with anti-p30 CA antiserum as for Fig. 1 . We found that the DTT-induced cleavage was virtually complete after only 15 min (data not shown). When similar experiments were performed at 32°C, the cleavage was only slightly slower than at 37°C; in contrast, almost no cleavage was detected if the samples were incubated in DTT at 0°C (data not shown).
Pr65 Gag can be cross-linked into large disulfide-bonded aggregates in MMLV particles, since it migrates extremely slowly in nonreducing sodium dodecyl sulfate-polyacrylamide gels if it is isolated from particles released in DIBA-2 (data not shown) or from DIBA-2-treated PR Ϫ MMLV (13) . Thus, inhibition of PR-induced cleavage in virus produced in DIBA-2 might be due to cross-linking of Gag and Gag-Pol, the substrates of PR. On the other hand, MMLV PR contains a cysteine residue (16); thus, an alternative possibility is that cross-linking of PR (or the PR domain of Gag-Pol) is responsible for the inhibition of cleavage.
To test the hypothesis that oxidation of PR was responsible for the failure of maturation in MMLV produced in DIBA-2, we constructed an MMLV mutant in which the cysteine residue in PR (encoded by codon 82 of the pol open reading frame [16] ) was replaced by serine. The mutant was generated in pRR88 using overlap extension PCR (15) , and virus particles were generated from these molecular clones by transient transfection in 293T cells. The mutant underwent normal maturation and was fully infectious (data not shown). These results show that the alteration of cysteine to serine did not interfere with the normal functions of PR in MMLV maturation. We then tested the effects of DIBA-2 on maturation in these particles. We found that DIBA-2 partially blocked the maturation of these mutant particles, but the extent of the block was generally less than that seen in wild-type particles treated in parallel (data not shown). For example, in one experiment, particles were analyzed by immunoblotting as for Fig. 2 and the blots were quantitated by densitometry. We found that uncleaved or partially cleaved Gag precursor represented 12% of the Gag protein in the untreated, wild-type sample; 17% in the untreated mutant sample; 85% in the wild-type virus produced in DIBA-2; and 47% in the mutant virus produced in DIBA-2. The partial resistance of the mutant suggests that the effects of DIBA-2 on maturation of wild-type MMLV are due partly to cross-linking of PR and partly to cross-linking of other cysteines in Gag and/or Gag-Pol.
Identification of cleavage intermediates in blocked and unblocked virions. In many cases, immunoblotting of MMLV produced in DIBA-2 showed the presence of proteins with sizes between that of the initial, uncleaved precursor protein and that of the mature cleavage product against which the antiserum is directed. It seemed likely that these proteins were cleavage intermediates, produced by cleavage at some, but not all, of the normal proteolytic maturation sites. The existence of these bands raised the possibility of determining the order in which the different cleavages occur under these conditions. In order to identify these bands, we analyzed the virus produced in DIBA-2 (and also virus produced in DIBA-2 and treated with DTT) by sequential immunoblotting, i.e., immunoblotting with one antiserum, stripping the membrane, and then immunoblotting with a second antiserum. Overlaying films generated by probing the same membrane with different antisera proved to be a sensitive way of identifying bands that react with more than one serum. The results of these studies are summarized in Table 1 .
We found that the immature particles produced in DIBA-2 contain, in addition to Pr65
Gag , a 27-kDa species that reacts with anti-p12 antiserum (monoclonal antibody F548, a gift from Bruce Chesebro, National Institute of Allergy and Infectious Diseases) and a 40-kDa species (visible in Fig. 2 , lane 1) that reacts with both anti-p30 CA and rabbit anti-p10 NC antisera (a gift of the AIDS Vaccine Program, NCI-Frederick). The mature proteins p15 MA , p12, p30 CA , and p10 NC are all produced when the maturation block is relieved by treatment with DTT. Thus, under these conditions, the cleavage between p12 and CA precedes both the cleavage between p15
MA and p12 and that between p30 CA and p10 NC . We also analyzed pol gene products by sequential immunoblotting with anti-PR and anti-(RT-IN) antisera. (Data obtained by sequential use of anti-Gag and anti-Pol antisera were difficult to interpret, since the Gag precursor and its cleavage products are present at far higher levels than are Gag-Pol products.) Figure 5 shows the results of analysis with the anti-PR and anti-(RT-IN) antisera: the particles produced in DIBA-2 (lanes 1) contained an ϳ80-kDa Gag-PR protein 
a Proteins present in MMLV produced in the presence of DIBA-2 were identified by sequential immunoblotting with monospecific antisera against viral proteins. Fragments of Gag-Pol were difficult to detect with antisera against Gag proteins because they were in much lower quantity than proteins derived from Gag alone. VOL. 76, 2002 NOTES ently representing the entire pol gene product, i.e., PR-RT-IN, was also produced upon DTT treatment, as shown in lanes 2.)
The results indicate that cleavage between PR and RT is less susceptible to inhibition by DIBA-2 than those between Gag and PR or between RT and IN. These inferences are indicated schematically in Fig. 5C . It should be noted that the pathway inferred from these experiments need not be identical to that in normal virus maturation, since the disulfide bonds formed in the presence of DIBA-2 may affect some cleavage events more than others. However, cleavage between p12 and CA is known to precede the other two cleavages in Gag in normal MMLV maturation (12, 21, 22) , just as in our present work.
The presence in virions produced in DIBA-2 of Gag-PR (Fig. 5A, lane 1) and RT-IN (Fig. 5B, lane 1 ) also suggests that cleavage at the C terminus of PR (i.e., between PR and RT) is an early event in maturation. This is quite different from results from other laboratories with HIV-1 and avian retroviruses: in the latter systems, cleavage at the N terminus of PR is apparently a necessary initial step in maturation (4, 18, 20, 24) . We do not know whether this difference reflects a real variation in the processing pathway between the different viruses or is due to the use of disulfide cross-linking to artificially arrest virus maturation in our studies on MMLV.
It is striking to note that DTT has already been used to enhance in vitro maturation of the low levels of immature MMLV particles in a normal virus preparation (23) . In these studies, wild-type MMLV was isolated under standard conditions, without treatment with a disulfide bond inducer like DIBA-2. While maturation was nearly complete in these virus preparations, the small amount of Pr65
Gag remaining in the preparation was cleaved in vitro if the virus was lysed with NP-40. However, cleavage in this situation was arrested at a 40-to 42-kDa intermediate (presumably CA plus NC) unless DTT was also present. It seems likely that the Gag polyprotein in the immature virions in these studies had been spontaneously oxidized during manipulation. The fact that some cleavage occurred in NP-40 alone shows that PR was active under these conditions; thus, the results suggest that disulfide bonds in CA plus NC (rather than in PR) were responsible for the maturation arrest that was reversed by DTT.
In conclusion, we have described a method for inducing the controlled maturation of an entire population of retrovirus particles in vitro. This experimental approach complements previous work using PR inhibitors of HIV-1 (11) and may be useful in detailed biochemical studies of virus maturation in the future.
